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Fertilization results in the biphasic activation of polyphosphoinositide-specific phospholipase C (PLC) activity with an
initial increase in activity coincident with the sperm-induced calcium transient, followed by a more sustained increase prior
to mitosis. Immunoprecipitation studies demonstrated that the g isoform of PLC is present in both the unfertilized and the
ertilized egg and contributes to the initial phase of PLC activation. Fertilization also resulted in translocation of a







Fertilization results in the activation of a series of pre-
programmed biochemical events which are required to
prevent polyspermy, activate cell metabolism, and release
the egg from cell cycle arrest. A key step is the transient
release of calcium from internal stores, the sperm-induced
“calcium transient,” which triggers the cortical reaction
and activates all of the essential components of the egg
activation pathway (Whitaker and Steinhardt, 1982). Two
mechanisms of calcium mobilization have been identified
in the sea urchin egg: the InsP33 receptor (Parys et al., 1994)
and the ryanodine receptor (McPherson et al., 1992). While
oth types of channels are expressed in eggs, the InsP3
receptor has proven to be the dominant mechanism for
initiation of the calcium release in most species of eggs (Lee
and Shen, 1998; Miyazaki et al., 1992; Nuccitelli et al.,
993) and the ryanodine receptor probably plays a redun-
ant role (Galione et al., 1993) or contributes to the ampli-
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All rights of reproduction in any form reserved.ude of the calcium transient once initiated by InsP3
(Shearer et al., 1999). The mechanism by which InsP3 levels
are controlled in the fertilized egg remains an important
question. Several studies in the sea urchin system have
documented fertilization-induced changes in polyphospho-
inositide metabolism at fertilization (Turner, et al., 1984;
Kamel et al., 1985; Swann and Whitaker, 1990; Ciapa et al.,
1992; Jones et al., 1998) and a recent study demonstrated
the biphasic accumulation of InsP3 in the fertilized sea
urchin egg (Lee and Shen, 1998).
Several approaches have been used to study the isoforms
of phospholipase C (PLC) present in the egg and the mecha-
nism by which they are regulated after fertilization. The
isoforms of PLC that have been identified in the mamma-
lian egg include b1, b3, g1, and g2 (Dupont et al., 1996;
ehlmann et al., 1998), while only PLC-g has been identi-
ed in the sea urchin egg to date (De Nadai et al., 1998).
unctional studies using chemical inhibitors of PLC (Lee
nd Shen, 1998) as well as fusion proteins which act as
ompetitive inhibitors of PLC-g (Carroll et al., 1997, 1999;
Shearer,, et al., 1999) have demonstrated that PLC activity
(specifically PLC-g activity) is required for the fertilization-
induced calcium transient in marine invertebrate eggs.
Similar studies in mammalian eggs have provided conflict-
ing evidence for a role of PLC-g (Mehlmann et al., 1998;
Sette et al., 1998), in initiation of the initial calcium
transient or for the later cyclic calcium transients resulting
from fertilization. Interestingly, very thorough studies on
the role of G protein-activated PLC-b (Williams et al., 1998)



































148 Rongish, Wu, and Kinseytransient of mammalian eggs. The mammalian egg may be
able to use both forms of PLC or may make use of another
isoform to generate InsP3 at fertilization.
Despite the clear role of PLC in regulating InsP3 levels in
he fertilized egg, the actual effect of fertilization on the
ctivity of PLC isoforms has received only limited attention
De Nadai et al., 1998). The purpose of the present study
as to quantitate the effect of fertilization on overall PLC
ctivity and specifically on PLC-g activity in the sea urchin
egg. The results demonstrate that even unfertilized eggs
contain substantial polyphosphoinositide-specific PLC ac-
tivity which can become active when [Ca21]i reaches per-
issive levels. Fertilization induces an early phase of acti-
ation of PLC activity coincident with the calcium
ransient followed by a second, more prolonged activation
hat occurs well after the S phase of the cell cycle and
ontinues through mitosis. The activity of PLC-g also
increases coincident with the calcium transient, but does
not increase during the later phase of PLC activation.
Fertilization also resulted in the rapid translocation of
PLC-g activity from the cytosol to the membrane compart-
ment of the egg, suggesting that PLC-g is under complex
regulatory control at fertilization.
MATERIALS AND METHODS
Buffers. PKME consisted of 425 mM KCl, 50 mM Pipes, 10 mM
MgCl2, 10 mM EGTA, 10 mM Na3VO4, 0.01 mg/ml SBTI (Sigma, St.
Louis, MO), and 10 mg/ml aprotinin (Sigma), pH 6.8. PLC buffer
onsisted of 50 mM NaH2PO4,100 mM KCl, 1 mM EGTA, pH 6.8.
olubilization buffer was PLC buffer with 1% n-octyl b-D-
lucopyranoside, 100 mM Na3VO4, pH 6.8.
Eggs and embryos. Eggs were collected from the sea urchin
Lytechinus variegatus and dejellied by passage through Nytex (200
mm) cloth, washed, and suspended in artificial sea water (Marine
Enterprises Int., Baltimore, MD). Cytosolic or detergent extracts
were prepared from egg suspensions (2% v/v) that had been
fertilized by addition of “dry” sperm and incubated at 20°C for
various periods of time. The egg suspension was diluted by addition
of 4 vol of ice-cold PKME and quickly pelleted in a hand centrifuge.
The eggs were then resuspended in 1ml of PLC buffer (cytosol
preparation) or PLC solubilization buffer (detergent extracts) and
homogenized in a glass homogenizer with a Teflon pestle. The
homogenate was centrifuged at 100,000g for 5 min in a SW 50.1
rotor (Beckman Instruments) and the soluble material was assayed
for enzyme activity immediately.
Immunoprecipitation. Immunoprecipitation of PLC-g was
one by incubating the detergent-solubilized egg extract (30 mg
protein) with 0.1 mg of a mixed monoclonal antibody preparation
pecific for PLC-g1 (Upstate Biotechnology, Lake Placid, NY) for 2 h
t 4°C. The immune complexes were collected by adsorption to 5
ml of protein A–Sepharose (Pharmacia, Piscataway, NJ), which had
been blocked with casein (Sigma), and then washed twice with PLC
solubilization buffer and once with PLC buffer.
PLC assay. PLC activity was measured in 25 ml of PLC buffer
containing 4 nmol of a mixture of PtdIns 4,5-P2 (Sigma) and
[3H]PtdIns 4,5-P2 (Amersham) (2.5 mCi/mmol) in a mixed micelle
formed by 0.25% octylglucoside 1 0.1% deoxycholate (Wahl et al.,
1992). CaCl2 was added to a final concentration of 850 mM to give d
Copyright © 1999 by Academic Press. All rightfree calcium concentration of 1.8mM. Free calcium levels were
alculated using the WINMAXC program (C. Patton, Stanford
niversity). The reaction was carried out at 25°C for 60 min and
hen stopped by addition of 1 mg BSA followed by 200 ml of 10%
CA. The TCA-soluble material was then counted in a scintilla-
ion counter.
RESULTS
Quantitation of total PLC activity in the egg. PtdIns
4,5-P2-specific PLC activity was measured using the sub-
trate Ptd[3H]Ins 4,5-P2 presented in a mixed micelle con-
taining ocytl-b-D-glucopyranoside:deoxycholate (4.5:1). The
eaction at 25°C was linear for up to 3 hours. HPLC analysis
f the TCA-soluble products of this reaction confirmed that
3H]inositol 1,4,5-P3 was the predominant reaction product
nd that lysophospholipids resulting from phospholipase A
ctivity were not a significant contaminant of this reaction
not shown). As in other systems (Wahl et al., 1992), the
LC activity in the egg was absolutely dependent on the
oncentration of free Ca21 with very little activity detected
ith less than 2.5 3 1027 M free Ca21 and half-maximal
21
FIG. 1. Calcium dependence of PLC activity in the sea urchin egg.
PLC activity of cytosolic extracts prepared from unfertilized eggs
was measured under calcium–EGTA buffering conditions designed
to provide defined levels of free calcium. Buffer components were
KCl (100 mM), NaH2PO4 (50 mM), EGTA (1.36 mM), Mg21 (340
mM), Ca21 (42 mM–1.042 mM). Data represent the average of two
xperiments, each performed in duplicate 6 SE.activity requiring 1 mM free Ca (Fig. 1). Similar calcium
ependence was seen in extracts prepared from unfertilized












149PLC Activation at Fertilizationeggs and zygotes collected during the first few minutes after
fertilization. All subsequent assays were done at 1.8 mM
free Ca21. The data presented in Fig. 1 also demonstrate that
the unfertilized egg contains abundant PLC activity which
could become active if [Ca21]i were elevated to 1 mM or
above. Since the level of [Ca21]i in the unfertilized egg is
eported to be in the range of 100–150 nM (reviewed in
hen, 1995), it is likely that the population of PLC enzymes
ould be essentially inactive in the unfertilized egg.
To determine whether fertilization had any effect on
verall PLC activity, enzyme assays were performed on
etergent extracts prepared at different times after fertiliza-
ion. The concentration of sperm used in these experiments
as sufficient to achieve partial elevation of the fertiliza-
ion envelope in at least 80% of the eggs within 30 s after
ddition of the sperm. The Ptd[3H]Ins 4,5-P2-specific PLC
ctivity in the unfertilized L. variegatus egg was between
5 and 60 pmol/min/mg. Analysis of L. variegatus sperm
revealed a level of PLC activity of 1400 pmol/min/mg
which is nearly identical to that reported for human sperm
(Ribbes, 1987) and is substantially higher than that of the
egg. In the present experiments, the excess sperm were
removed by washing with PKME before homogenization.
Therefore, about 6 ng of sperm protein would remain in the
egg sample and could contribute 8.4 fmol/min of activity or
about 1.3% of the activity in the eggs.
The effect of fertilization on PLC activity is seen in Fig. 2.
Fertilization resulted in a biphasic increase in PLC activity
with an initial phase occurring during the first 2 min and a
FIG. 2. Effect of fertilization on total PLC activity in the egg. PLC
activity was measured in detergent extracts prepared before and at
different times after fertilization. The timing of the cortical reac-
tion (30 s postinsemination) and of mitosis (90–105 min postin-
semination) was monitored in parallel samples incubated under
identical conditions. Values represent the average of three experi-
ments, each involving duplicate samples, 6 SE.later, more prolonged phase continuing through the first
mitotic division. The initial increase in PLC activity was
Copyright © 1999 by Academic Press. All rightdetected as early as 30 s postinsemination and increased by
approximately twofold before returning to baseline levels.
This initial increase in PLC activity corresponds temporally
with the propagation of the calcium transient in the egg
(Mohri and Chambers, 1995) and with the reported phase 1
accumulation of InsP3 (Lee and Shen, 1998). As the zygote
assembled the mitotic spindle (60–75 min) and began cyto-
kinesis (90–105min) the PLC activity increased to a level
approximately fourfold higher than in the unfertilized egg.
This elevated level of PLC activity was maintained at the
two-cell stage (105 min). In summary, while PLC activity is
ultimately dependent on the concentration of free calcium,
the activation state of PLC does change in a biphasic
manner with an early activation event occurring between
0.5 and 2 min postinsemination, followed by a later in-
crease in activity at 60 to 75 min that persisted through the
first cleavage.
Identification of phospholipase C-g in the sea urchin
egg. As a first step in identification of the isoforms of PLC
that participate in the response to fertilization, an antibody
to human PLC-g was used to detect this protein in the sea
urchin egg. Combined immunoprecipitation and Western
blot analysis revealed the presence of a 143-kDa protein in
detergent extracts of sea urchin eggs (Fig. 3). This mixed
monoclonal anti-human-PLC-g antibody preparation (Up-
state Biotechnology Inc.) was first used in the sea urchin
system by De Nadai et al. (1998) and is the only antibody of
several that we have tried that will crossreact with the sea
urchin protein. The anti-PLC-g immunoprecipitates were
found to be highly enriched in phospholipase C activity,
with 2300 pmol/min of activity typically immunoprecipi-
tated from 1 mg of unfertilized egg protein. This specific
FIG. 3. Detection of PLC-g in the sea urchin egg. Detergent
extracts of unfertilized eggs (50 mg protein) were incubated with 0.1
mg of either the mixed monoclonal anti-PLC-g antibody (A) or two
unrelated monoclonal antibodies (B, C) at a 1:500 dilution. The
immune complexes were adsorbed to protein A–Sepharose which
had been preblocked with purified casein (1 mg/ml) and resolved on
a 10% SDS–polyacrylamide gel. The gel was transferred to a nylon
membrane, blocked, and incubated with the mixed anti-PLC-g
monoclonal antibody at a dilution of 1:1000. Secondary antibody
incubation was with rabbit anti-mouse IgG–peroxidase, and the
bound peroxidase was detected by chemiluminescence (ECL, Am-
ersham).
































150 Rongish, Wu, and Kinseyactivity is substantially higher than the 50 pmol/min/mg
measured for total PLC activity in egg extracts (Fig. 2)
suggesting that inhibitors of PLC-g may be present in the
egg cytosol or that endogenous lipids interfere with the
measurement of PLC activity in crude detergent extracts
(see Discussion). The observed specific activity for PLC-g of
300 pmol/min/mg is similar to the value of 5500 pmol/
in/mg reported for the mammalian enzyme (Wahl et al.,
992).
Calcium dependence of PLC-g. The effect of calcium
n the PLC-g activity immunoprecipitated from unfertil-
zed eggs and zygotes extracted at 1 min postfertilization is
resented in Fig. 4. In both unfertilized and fertilized egg
amples, half-maximal activity was detected at 750 nm free
alcium. This value is somewhat higher than that reported
or PLC-g immunoprecipitated from EGF-stimulated hu-
an A-431 cells where half-maximal activity occurred at
16 nM free calcium (Wahl et al., 1992) and may reflect
pecies differences. Further attempts to detect possible
hanges in calcium dependence following fertilization were
arried out by using lower substrate/detergent ratios and by
FIG. 4. Calcium dependence of PLC-g immunoprecipitated from
sea urchin eggs. PLC-g immunoprecipitated from detergent ex-
racts prepared before and 1 min after fertilization were assayed for
LC activity under calcium–EGTA buffering conditions designed
o provide defined levels of free calcium. Control immunoprecipi-
ates (anti-Grb2 antibody) were assayed simultaneously and the
LC-g-specific activity was calculated by subtracting the activity
in control samples from that of the PLC-g immunoprecipitates.
Values represent the average of two experiments, each performed in
duplicate 6 SE.eplacing deoxycholate with various amounts of Triton
-100 in the assay. The presence of Triton X-100 in the i
Copyright © 1999 by Academic Press. All rightubstrate micelle has been demonstrated to enhance detec-
ion of changes in calcium dependence of PLC-g in growth
factor-stimulated cells (Nishibe et al., 1990); however, we
were not able to detect fertilization-dependent changes in
calcium dependence in immunoprecipitates from unfertil-
ized and fertilized eggs.
Effect of fertilization on PLC-g activity. The ability to
etect PLC activity in the PLC-g immunoprecipitates made
t possible for us to quantitate the effect of fertilization on
LC-g activity as a subset of total PLC activity. As seen in
ig. 5, PLC-g activity increased slightly within 30 to 45 s
after fertilization. This change was found to be statistically
significant (P 5 0.05), although the maximal level of PLC-g
activity was not reached until 60–90 s postinsemination.
Activity declined slightly after 2 min, but remained higher
than that immunoprecipitated from unfertilized eggs until
60 min, at which time PLC activity returned to the unfer-
tilized level. It is interesting to note that PLC-g activity was
ot elevated between 60 and 110 min postfertilization as
as observed for the total PLC activity of the zygote. One
ossible explanation might be association of PLC-g with
the detergent-insoluble cytoskeleton; however, Western
blot analysis of duplicate immunoprecipitates did not re-
veal any significant changes in the immunoprecipitation
recovery of PLC-g which might cause artifactual changes in
LC-g activity during this period of development. We
interpret the above results, therefore, to indicate that the g
isoform of PLC participates in the fertilization-induced
activation of PLC during the first 60 s postinsemination.
This enzyme is also active during the late phase of PLC
activation but does not exhibit increased activity in this
type of immunoprecipitation assay.
FIG. 5. Effect of fertilization on PLC-g activity. PLC-g-specific
activity was measured after immunoprecipitation from detergent
extracts prepared from unfertilized eggs and from zygotes at differ-
ent times after fertilization. Values represent the activity in the
anti-PLC-g immunoprecipitates less (2) the activity in control
mmunoprecipitates and are the average of three experiments 6 SE.











































151PLC Activation at FertilizationSubcellular localization. In order to determine whether
the subcellular distribution of PLC-g changed in response to
fertilization, we used a sucrose density gradient method
(Ribot et al., 1983) to fractionate unfertilized and fertilized
eggs and then measured PLC-g activity immunoprecipi-
tated from the different fractions (Fig. 6). PLC-g activity
rom unfertilized eggs remained, for the most part, at the
op of the gradient where the cytosolic proteins and
igment-rich yolk fractions are distributed. However,
reparations from zygotes made 60 s postinsemination
xhibited a more complex distribution with over one-half of
he PLC activity associated with membrane bands, includ-
ng a band eluting at a buoyant density of 1.23 g/ml (fraction
5) which we have previously shown to be highly enriched
n plasma membrane (Ribot et al., 1983). The results of this
xperiment demonstrate that fertilization involves rapid
nd significant changes in the distribution of the PLC-g
enzyme, with the result that a large fraction of the activity
becomes membrane associated.
Phosphorylation of PLC-g. Tyrosine phosphorylation of
PLC-g is a well-established control mechanism utilized in a
ariety of cell types and a growing body of evidence suggests
hat PLC-g interacts with PTKs in the egg (see Discussion).
n an attempt to detect possible changes in the P-Tyr
ontent of PLC-g at fertilization, we performed Western
lot analysis of PLC-g immunoprecipitates prepared from
nfertilized eggs and early zygotes using a monoclonal
ntibody to P-Tyr (Fig. 7). The PLC-g band shown in the top
FIG. 6. Subcellular distribution of PLC-g activity. Samples (1 ml)
of eggs were homogenized in 5 ml of PKME buffer before (E) and 1
min after (F) fertilization. The homogenates were then centrifuged
through sucrose gradients consisting of sucrose in PKME (60% (4
ml), 45% (5 ml), 45–20% linear gradient (22 ml)) overnight in an
SW28 rotor (Beckman) at 25,000 rpm and fractions were collected.
Aliquots (50 ml) of each fraction were solubilized in 0.5 ml of PLC
solubilization buffer and PLC-g-specific activity was immunopre-
ipitated and assayed as described under Materials and Methods.
he top of the gradient is at fraction 1.anel is recognized by the anti-P-Tyr antibody, and anti-
ody binding is significantly reduced but not completely
a
i
Copyright © 1999 by Academic Press. All rightliminated by the presence of 5 mM P-Tyr (control). The
onoclonal P-Tyr antibody used in this experiment
Zymed Laboratories Inc., San Francisco, CA) has a very
igh affinity for P-Tyr and competition with free P-Tyr is
nly partially successful in our experience. The relative
mount of P-Tyr detected in PLC-g did not change signifi-
cantly after fertilization (Fig. 7, lanes B–D). Similar results
were obtained in over seven experiments using the Zymed
antibody as well as the 4G10 anti-P-Tyr monoclonal from
Upstate Biotechnology Inc. Additional efforts to control
degradation by phosphatases included the use of sodium
pyrophosphate, sodium fluoride, phenylarsine oxide, and
peroxyvanadate, with no change in results. The data show
that PLC-g is phosphorylated on tyrosine in the unfertilized
gg and that any changes in phosphorylation state which
ight occur at fertilization probably involve a small subset
f the total PLC-g pool.
DISCUSSION
Localized release of calcium from internal stores is re-
quired for several aspects of the egg activation process,
including the slow block to polyspermy, activation of egg
metabolism (Epel, 1990), and reentry into the cell cycle
(Ciapa et al., 1994; Becchetti and Whitaker, 1997). Studies
in both vertebrate and invertebrate systems have demon-
strated the importance of polyphosphoinositide hydrolysis
in the regulation of free calcium in response to fertilization
(Oberdorf et al., 1989; Miyazaki et al., 1992). Three different
soforms of PLC have been detected in mammalian eggs
Dupont et al., 1996; Mehlmann et al., 1996), and while the
imited crossreactivity of PLC antibodies among different
pecies has not allowed similar analysis in invertebrate
ggs, it is likely that several PLC isoforms are present in all
pecies. Given this array of PLC enzymes, the details of the
FIG. 7. Detection of phosphotyrosine in PLC-g immunoprecipi-
tated from sea urchin eggs. L. variegatus eggs collected before (A)
and at 15 s (B), 30 s (C), and 60 s (D) after fertilization were
solubilized in PLC solubilization buffer containing 100 mM
Na3VO4 and 10 mM phenylarsine oxide as phosphatase inhibitors.
PLC-g was immunoprecipitated and blotted to a nylon membrane
nd blocked in 1% BSA as described under Materials and Methods
nd then P-Tyr was detected using a monoclonal anti-P-Tyr anti-
ody (Zymed Laboratories, Inc., San Francisco, CA) at a 1:1000
ilution, followed by goat anti-mouse IgG–peroxidase and chemi-
uminescent detection. Control blots were incubated with the
nti-P-Tyr antibody 1 5mM phosphotyrosine as a competitive
nhibitor (Con).































152 Rongish, Wu, and Kinseycalcium regulation mechanisms at each stage of egg activa-
tion could be quite complex. The objective of the present
study was to begin biochemical characterization of the PLC
activities in the sea urchin egg with special emphasis on the
PLC-g isoform.
The total PLC activity of the sea urchin egg as measured
ith [H3]PtdIns 4,5-P2 exhibits a near absolute dependence
n Ca21 as reported in many other systems (Rhee and Bae,
1996). This activity probably represents the sum of several
PLC isoforms, but it is clear that prior to fertilization, very
little PtdIns-P2 hydrolysis can occur at the low resting
calcium levels which are typically reported to be between
100 and 150 nM (Shen, 1995). Measurement of total PLC
activity at different points during the egg activation process
revealed that the PLC isoforms in the egg are under com-
plex regulatory control. When assayed at optimal calcium
concentration, the PLC activity in the egg appears to be
regulated by additional mechanisms with the result that a
biphasic increase in activity occurs during the period be-
tween fertilization and the first cell division. The initial
increase in PLC activity begins as early as 30 s postinsemi-
nation and remains elevated for approximately 5 min. This
burst of activity corresponds to the sperm-induced calcium
transient and would provide InsP3 for generation of the
calcium transient as well as during the sperm incorporation
step which has been associated with InsP3 accumulation as
well (Lee and Shen, 1998). The second phase of PLC
activation occurred between 45 and 60 min postinsemina-
tion and persisted through the first cell division at 110 min.
The maximal PLC activity during this late phase of activa-
tion was more than three times that achievable in the
newly fertilized egg. This pool of activated PLC would
provide enhanced capacity to achieve calcium signaling
during the later stages of egg activation which involve
mitotic spindle activity and cytokinesis, or it may reflect an
increase in the catabolic activity as the zygote prepares to
utilize stored yolk components for development.
The complex changes in PLC activity described above
highlight the importance of identifying the specific iso-
forms of PLC that are active in the egg. Recent studies
demonstrated a 145-kDa PLC activity that is recognized by
two different antibodies to mammalian PLC-g in eggs of the
sea urchin Paracentrotus lividus (De Nadai et al., 1998).
This made possible the study of the PLC-g isoform during
the egg activation process. We found that the PLC-g en-
yme from L. variegatus is quite active in extracts from
oth unfertilized and fertilized eggs. The specific activity in
LC-g immunoprecipitates was much higher than in
amples of total egg extract. This apparent stimulation may
ndicate the presence of PLC inhibitors in the egg cyto-
lasm which would be removed by immunoprecipitation of
he enzyme. Another potential explanation is that endoge-
ous phospholipids such as phosphatidylinositol and the
olyphosphoinositides present in crude cell extracts could
ompete with the [3H]phosphatidylinositol 4,5-bisphos-phate used as substrate in the assay.
The PLC-g enzyme exhibits a strong calcium depen-
o
Copyright © 1999 by Academic Press. All rightence, with less than 10% of maximal activity detected at
00 nM [Ca21]i and half-maximal activity requiring 700–
800 nM [Ca21]i. No significant change in the calcium
dependence of PLC-g activity was detected in immunopre-
cipitates from fertilized eggs, although the maximal level of
activity did change (see below). As mentioned above, the
resting levels of [Ca21]i in the unfertilized egg could support
only minimal PLC-g activity, but our data indicate that as
ntracellular [Ca21]I levels approach 600 nM, the enzyme
would exhibit large changes in activity. The peak [Ca21]i
levels observed during the sperm-induced calcium transient
(2–2.5 mM) (Shen, 1995) would support maximal activity of
the egg PLC-g enzyme.
In addition to the potential for regulation of PLC-g
activity by calcium, the sea urchin egg also exhibited the
capacity for activation of the total PLC-g activity in re-
sponse to fertilization. Immunoprecipitates prepared from
eggs as early as 30 s postinsemination exhibited greater
maximal PLC activity than that of the unfertilized egg.
Elevated PLC-g activity was found to persist for up to 20
min, after which it returned to the unfertilized level. This
result demonstrates that the PLC-g contributes to the
initial phase of PLC activation described above, although
participation of other PLC isoforms is not ruled out. This
result extends the findings of De Nadia et al. (1998) and
supports the conclusion of PLC-g SH2 domain microinjec-
ion studies in the marine invertebrate egg (Carroll et al.,
997, 1999; Shearer et al., 1999). Interestingly, PLC-g activ-
ity was not elevated during the second phase of PLC
activation that occurred between 60 and 110 min postin-
semination. This surprising result might indicate that other
PLC isozymes are responsible for the second phase of PLC
activation that continues through the first mitosis. An
alternative explanation would be that the second phase of
PLC activation requires cytosolic factors which would be
removed by immunoprecipitation. Examples of such factors
could include phosphatidic acid or arachidonic acid, both of
which might act to stimulate PLC-g (Hwang et al., 1996;
Jones and Carpenter, 1993; Sekiya et al., 1999). Further
characterization of the second phase of PLC activation is
now under way as part of a separate study.
The possibility that PLC-g undergoes changes in interac-
ions with other protein or lipid components is reinforced
y our finding that fertilization did result in the transloca-
ion of a significant percentage of the enzyme to membrane
ractions including a plasma membrane-enriched fraction.
his phenomenon has been observed in a wide variety of
ystems and can result from changes in PI-3 kinase activity
Gupta et al., 1999), associations with profilin
Goldschmidt-Clermont et al., 1991), or possibly other
embrane-associated proteins. The membrane association
f PLC-g is thought to greatly enhance its effectiveness by
roviding better access to the substrate polyphosphoinosi-
ide. It is clear that simple measurement of PLC-g activity
an reveal only part of the changes which affect the ability
f PLC-g to hydrolyze PtdIns 4,5-P2 in the intact egg. This it
particularly important as it relates to the production of




































153PLC Activation at FertilizationInsP3 in small regions of cytoplasm such as those in the
mmediate vicinity of the fertilizing sperm, where the
perm-induced calcium transient begins. Our data indicate
hat PLC-g would be active at very low levels at the [Ca21]i
present in the unfertilized egg. In order for PLC-g to initiate
calcium transient in response to a fertilizing sperm, it is
ikely that some subset of the PLC-g pool must either
ncrease its sensitivity to Ca21 or be activated by another
echanism. Changes in the Ca21 sensitivity of PLC-g have
een demonstrated to occur as a response to tyrosine
hosphorylation of PLC-g by the activated EGF receptor
(Wahl et al., 1992), and it is possible that tyrosine phosphor-
ylation of a small, highly localized subset of the egg PLC-g
pool could trigger sufficient InsP3 production in the vicinity
f the fertilizing sperm to initiate Ca21 release (see below).
s Ca21 levels increase in the vicinity of the fertilizing
sperm, additional pools of PLC-g would become active,
mplifying the rate of InsP3 accumulation in the cytoplasm.
A critical question remaining at this time is whether the
activation of PLC-g following fertilization occurs as a result
f tyrosine phosphorylation as occurs, for example, in the
esponse of certain cells to growth factors (Wahl et al., 1992;
hiroo et al., 1992; Kuruvilla et al., 1994). Artificial activa-
ion of exogenous (Shilling et al., 1994) or endogenous PTK
ctivity in the egg (Shen et al., 1999) can induce the calcium
ransient with subsequent cortical reaction. This indicates
hat increased tyrosine phosphorylation of PLC-g could
nitiate the calcium transient. However, studies using
hemical and peptide inhibitors of PTKs have provided
onflicting evidence for a direct role of tyrosine phosphor-
lation in activation of the sperm-induced calcium tran-
ient (Kinsey, 1997; Sato et al., 1998; Glahn et al., 1999)
during normal fertilization. While a recent study has dem-
onstrated that a Src-family kinase activity in the egg can
associate with exogenous PLC-g domain-specific fusion
proteins (Gusti et al., 1999), it is not known whether this
association actually occurs in the egg or whether this
enzyme phosphorylates PLC-g at fertilization. De Nadai
nd co-workers (1998) detected fertilization-dependent
hanges in the ability of anti-P-Tyr antibodies to immuno-
recipitate PLC-g. However, this approach suffers from the
inability to distinguish between tyrosine phosphorylation
of PLC-g and the association of PLC-g with P-Tyr-
ontaining docking proteins. In the present study, Western
lot analysis allowed us to detect some level of phosphoty-
osine in PLC-g immunoprecipitated from the sea urchin
gg, but we were not able to detect any consistent increase
n P-Tyr content after fertilization. One possible explana-
ion is that the PLC-g is maintained in the phosphorylated
state prior to fertilization, but requires additional factors or
protein–protein associations to become activated suffi-
ciently to initiate the calcium transient. This model would
explain the poor effectiveness of chemical PTK inhibitors in
blocking the calcium transient, as well as the successful
inhibition of the calcium transient by SH2 domain-
containing fusion proteins which act by competing for
protein–protein interactions involving P-Tyr. A second pos-
Copyright © 1999 by Academic Press. All rightsibility is that the fertilizing sperm may trigger tyrosine
phosphorylation of only a small, highly localized subset of
the total PLC-g pool which is not detectable in immuno-
precipitates of total cellular PLC-g. Further studies using
ore advanced approaches will be necessary to answer this
uestion.
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